The objective of this study was to investigate several physicochemical properties of an experimental discontinuous S2-glass fiberreinforced resin composite. The experimental composite was prepared by mixing 10 wt% of discontinuous S2-glass fibers with 27.5 wt% of resin matrix and 62.5 wt% of particulate fillers. Flexural strength (FS) and modulus (FM), fracture toughness (FT), work of fracture (WOF), double bond conversion (DC), Vickers hardness, volume shrinkage (VS) and fiber length distribution were determined. These were compared with two commercial resin composites. The experimental composite showed the highest FS, WOF and FT compared with two control composites. The DC of the experimental composite was comparable with controls. No significant difference was observed in VS between the three tested composites. The use of discontinuous glass fiber fillers with polymer matrix and particulate fillers yielded improved physical properties and substantial improvement was associated with the use of S2-glass fiber.
INTRODUCTION
Direct restorations have been largely employed to restore teeth due to their low cost and less need for the removal of sound tooth substance compared with indirect restorations 1, 2) . Resin composites consisting of polymeric resin matrices and inorganic fillers have been available for several decades. Compared with amalgams, resin composites possess a better appearance, have less safety concerns and show acceptable clinical performance. The use of resin composites as a restorative material has substantially increased [1] [2] [3] . However, resin composites still have several drawbacks. These include insufficient mechanical properties, polymerization shrinkage, shrinkage stress, thermal expansion mismatch, fracture, abrasion, wear resistance and potential failure of the resin-dentin interface leading to secondary caries [4] [5] [6] . As a result, dental restorations have a limited service life with annual failure rates varying between 1 and 3% 1, 2) . Fracture of restorations is one major reason for failure 2) . Therefore, efforts were made to improve the fracture resistance of resin composites. Improvements in filler particles have significantly enhanced resin composite properties. In the last two decades, fillers with high aspect ratio and strength have gained increased interest in the reinforcement of resin composite because the elongated strong fillers were effective in bridging cracks and improving strength. Research conducted by Xu and co-workers revealed that incorporation of ceramic whiskers significantly improved the mechanical properties of heat-cured resin composite [7] [8] [9] . Guo et al. 10) reported that ceramic nanofibers could reinforce resin composites. These studies indicated that fillers with high aspect ratio and strength were promising for the manufacture of strong resin composite. However, because the refractive index of ceramics was much higher than that of resin matrix, ceramic whiskers could not be used in light-cured resin composites, and impregnation of ceramic nanofibers in light-cured resin composites would cause opacity and have a weakening effect due to the decrease in conversion 10) . Therefore, light transmissive fillers with high aspect ratio and strength, for example glass fiber, would be a better choice for reinforcing the fracture resistance of resin composites.
Glass fiber-reinforced resin composites (FRCs) have been used to an increasing degree in dentistry and currently they are extensively used in fixed-partial dentures, root canal post systems, orthodontic fixed retainers, and periodontal splints 11, 12) . Discontinuous E-glass fibers have been used for reinforcement in many in vitro studies and results have shown improvements in the load bearing capacity, flexural strength (FS), compressive strength and fracture toughness (FT) of resin composites reinforced with them compared with particulate-filled resin composites [13] [14] [15] [16] [17] [18] . A discontinuous E-glass FRC is commercially available as a resin composite (everX Posterior, GC, Tokyo, Japan). Although studies have found that everX had superior mechanical properties compared with several commercial resin composites [19] [20] [21] [22] [23] , it was shown in the study of Leprince et al. 24) that everX had inferior mechanical properties in comparison with commerciallyavailable nanohybrid materials. Therefore, the mechanical properties of glass FRCs need to be further improved. One method is to combine different length distributions of discontinuous fibers. Lassila et al. 25) investigated the reinforcing effect of dual fiber length distribution discontinuous E-glass fiber fillers on FT and flexural properties, they found that the use of different length scales of discontinuous fiber fillers with polymer matrix yielded improved mechanical performance. Another method to reinforce glass FRCs is to use stronger fibers. S-glass fiber is one commonly used glass fiber in dentistry 12, 26, 27) , and which has the highest tensile strength among all types of glass fibers 12) . E-glass is primarily composed of CaO, Al2O3, SiO2, and 0-10 wt% of B2O3, while S-glass is primarily composed of MgO, Al2O3, and SiO2 28) . S2-glass product from AGY is one commercial example of S-glass. To our knowledge, research involving S-glass has been limited to only evaluating unidirectional S-glass FRCs 29, 30) , little investigation has been carried out on resin composite reinforced with discontinuous S-glass fibers 31) . With the aim to improve glass FRCs, we investigated the reinforcing effect of discontinuous S2-glass fibers on particulate-filled resin composite in our previous study. It was found that incorporation of discontinuous S2-glass fibers could significantly improve flexural properties of resin composites and that the processing of the resin composite mixture had an influence on the final fiber length distribution 32) . In this study, an experimental composite containing 2 mm discontinuous S2-glass was manufactured, its physicochemical properties were evaluated and compared with two commercial resin composites.
MATERIALS AND METHODS

Materials
Urethane dimethacrylate (UDMA), camphorquinone (CQ), and N,N'-dimethyl aminoethyl methacrylate (DMAEMA) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Tricyclodecane dimethanol diacrylate (SR833s) was purchased from Sartomer (Exton, PA, USA). The silaned glass fillers of a mean size of approximately 0.7 μm were received from Schott (UltraFine UF 0.7 μm, Schott, Landshut, Germany). S2-glass fibers, 9 μm in diameter, were purchased from AGY (365 S-2 Glass ® Roving, AGY, Aiken, SC, USA). All of the reagents were used without purification. A particulate filler resin composite (Z250, shade A2, 3M ESPE, St. Paul, MN, USA) and a short E-glass FRC (everX Posterior, GC) were used as control materials.
Preparation of experimental composite
The resin system was prepared by mixing UDMA and SR833s (UDMA/SR833s=50/50, wt/wt) with 0.7 wt% CQ and 0.7 wt% DMAEMA as a photoinitiator system. The as-received S2-glass fibers were cut manually with shears (Fiskars Brands, Madison, WI, USA) into discontinuous filaments of approximately 2 mm in length. The experimental composite was prepared by mixing 10.0 wt% of discontinuous S2-glass fibers with 27.5 wt% of the photopolymerisable resin system and 62.5 wt% of glass fillers. The resin composite was mixed in a high-speed mixing machine (SpeedMixer, DAC 150 FVZ-K, Hauschild, Germany) with a speed of 1,900 rpm. After 30 s of mixing in the SpeedMixer, resin composite paste was mixed with a metal spatula for 1 min, and then mixed in the SpeedMixer for another 30 s. Finally the resin composite was mixed for 10 min in the SpeedMixer until a visual homogeneous mixture was reached. The formulations of the control and experimental composites are listed in Table 1 .
Mechanical testing
Eight specimens were prepared for every resin composite with a 2×2×25 mm split mold. Samples were irradiated with a visible light-curing unit (Elipar TM S10, 3M ESPE) producing an averaged irradiance of 1,800 mW/cm 2 (Marc Resin Calibrator, BlueLight analytics, Halifax, Canada). Each sample was irradiated for 60 s per side including the whole length of the sample with Sussex, UK) at a cross-head speed of 1.0 mm/min. Work of fracture (WOF) (the energy required to fracture the specimen, obtained from the area under the loaddisplacement curve divided by the specimen's crosssectional area) was also measured. FT was determined according to ISO 20795-1 standard, as described in a previous study 22) . A custommade stainless steel split mold was used to prepare single-edge notched-bend specimens (2.5×5×25 mm, n=8). A sharp and centrally located crack was produced by inserting a straight edged razor blade into the prefabricated slot. This enabled standardization of the crack length, which penetrated to approximately half the height of the specimen. The upper side of the mold was covered with a Mylar strip and glass slide from both sides of the blade before being exposed to the photopolymerization light (1,800 mW/cm 2 , measured by a Marc Resin Calibrator, BlueLight analytics). Each sample was irradiated for 20 s at four sites respectively, totally 80 s, including the whole length of the sample. Then, it was also photopolymerized on the opposite side for 60 s with three exposures of 20 s. The specimens were tested in three-point bending mode with a universal material testing machine (LR30K Plus, Lloyd Instruments) at a crosshead speed of 1.0 mm/ min. Upon testing, the crack length (a) was determined as the average of 3 measurements of the distance below the notch (W-a) with a stereo-microscope (Leica, Wild, Heerbrugg, Switzerland). The FT was calculated according to the equation
where
and P is the maximum load in kilonewtons (kN), L is the span length (2 cm), B is the specimen thickness in centimeters (cm), W is the specimen width (depth) in cm, x is a geometric function dependent on a/W, and a is the crack length in cm. Following the FT test, two fragments from each group were sputter-coated with gold (Sputter Coater SCD 050, Bal-Tec, Los Angeles, CA, USA). Fractured surfaces were analyzed using a scanning electron microscope (SEM, JSM 5500, JEOL, Tokyo, Japan).
Vickers microhardness measurements (VHN) were carried out on the fractured samples recovered from the previous FT test (n=10). All specimens were polished using a silicon carbide paper (grit 1200 FEPA) at 100 rpm under water cooling using a grinding machine (Struers Tegramin-30, Struers, Copenhagen, Denmark). The specimens were immersed in deionized water for 1 week at 37°C before testing. VHN measurements (10 points for each specimen) were carried out with a microhardness tester (DuraScan 20, Struers). A load of 9.8 N was applied for 10 s on their surface. The length of the diagonal of each indentation was measured and VHN values were calculated automatically by the machine.
Double bond conversion (DC)
DC was measured as previously reported 33) . The DC during and after the photoinitiation of polymerization was monitored by Fourier transform infrared spectroscopy (FTIR) (Spectrum One, Perkin-Elmer, Waltham, MA, USA) with an attenuated total reflectance (ATR) accessory. Resin composites were analyzed in a mold that was 1.5 mm thick and 4.5 mm in diameter. First, the unpolymerized sample was placed in the mold and the spectrum was measured. Then the sample was irradiated through an upper glass slide for 60 s with a visible light-curing unit (Elipar TM S10, 3M ESPE) producing an averaged irradiance of 1,800 mW/cm 2 (Marc Resin Calibrator, BlueLight analytics). The sample was scanned for its FTIR spectrum after the beginning of irradiation every 5 s until 1 min, then every 3 min until 15 min. The DC was calculated from the aliphatic C=C peak at 1,636 cm −1 and normalized against the carbonyl C=O peak at 1,720 cm −1 according to the formula 34) (AC=C/AC=O)0−(AC=C/AC=O)t DC= ×100% (AC=C/AC=O)0 where AC=C and AC=O were the absorbance peak area of methacrylate C=C at 1,636 cm −1 and carbonyl at 1,720 cm −1 , respectively; (AC=C/AC=O)0 and (AC=C/AC=O)t represented the normalized absorbency of the functional group at the radiation time of 0 and t, respectively; DC is the conversion of methacrylate C=C as a function of radiation time. For each resin composite, five trials were performed.
Volume shrinkage (VS)
VS was measured by using a modification of the method previously published 35) . The specimens' densities (n=6) were measured to determine VS according to Archimedes' principle with a commercial Density Accessory Kit of the analytical balance (XS105, Mettler Toledo, Greifensee, Switzerland). The mass of specimen was weighed in air and water, and density was calculated according to the equation
where D is the density of the sample, M1 is the mass of sample in air, M2 is the mass of the sample in water, and Dw is the density of water at the measured temperature. For each resin composite, six trials were performed respectively to calculate the densities of polymerized and unpolymerized samples. The VS was expressed in % and calculated from the densities according to the equation
where Du is the density of the unpolymerized sample and Dc is the density of the polymerised sample.
Fiber length measurement
The analysis of fiber length was done for the experimental composite, everX and 2 mm cut S2-glass fibers. A small amount of the resin composite paste (0.1-0.2 g) was taken on a glassware. Then 2 mL of tetrahydrofuran (THF, Sigma-Aldrich, St. Louis, MO, USA) was added on to the glassware using a Pasteurpipette. The paste portion was stirred with a spatula to dissolve the material. The THF was removed with another Pasteur-pipette. Then, 2 mL of THF was added on to the glassware again. This procedure was repeated until it was possible to detect the fibers and the THF stayed clear after stirring. After the THF had vaporized, fibers were photographed under a stereo-microscope (Leica, Wild) at a magnification of 6.5×. Photos were processed with the NIH ImageJ software to determine the lengths of the fibers. The total number of fibers taken into the calculation was 500 from each resin composite.
Statistical analysis
The experimental results were analyzed using one-way analysis of variance (ANOVA) at a significance level of 0.05 with SPSS software (IBM SPSS Statistics for Windows, Version 21.0, IBM, Armonk, NY, USA). Subsequent multiple comparisons were made with the use of Tukey's post hoc analysis.
RESULTS
FS and FM
The mean FSs and FMs of the tested composites with standard deviations are given in Fig. 1 . The experimental composite had the highest FS (p<0.05), while everX showed significantly lower FS than experimental composite and Z250 (p<0.05). Z250 had the highest FM (p<0.05), everX also showed significantly higher FM than the experimental composite (p<0.05). Figure 2 shows typical load-extension from preload curves in the three-point bending test. Elastic and catastrophic fracture behavior is shown in the loadextension from preload curve of Z250, which indicates that Z250 failed in a brittle manner. The experimental composite showed increased ability to bear load and withstand strain compared with everX and Z250.
WOF
The experimental composite had significantly higher WOFs compared with two control composites in both tests (Fig. 3) everX was significantly higher than that of Z250 in the FT test (p<0.05).
FT, Vickers hardness, DC and VS
The results of FT, Vickers hardness, DC and VS are reported in Fig. 4 . In all tested composites, Z250 had the lowest FT (1.28±0.09 MPam 1/2 ) (p<0.05), and the FT increased in the order of Z250<everX<experimental composite (p<0.05). Under the circumstance of this study, the hardness value of Z250 was significantly higher than that of experimental composite and everX (p<0.05). Figure 5 is the DC versus time of tested composites. As shown in Fig. 5 , the experimental composite had similar photopolymerization behavior as everX and Z250. The mean DCs were 65.0±1.2% for the experimental composite, 57.8±1.6% for everX and 62.7±1.7% for Z250. The experimental composite and Z250 had comparable DCs (p>0.05), which were higher than that of everX (p<0.05). No significant difference was observed in VS between the tested composites (p>0.05).
Scanning electron microscopy results
Scanning electron microscopy of Z250 showed a relatively flat fracture surface topography (Figs. 6E and F) and correlated with brittle force displacement graph (Fig. 2) . SEM micrographs of experimental composite and everX samples showed very rough profiles (Figs. 6 A-D) and correlated with tougher force displacement graphs (Fig. 2) . The cracking line did not cut through the glass fibers, the pulled-out fibers increased the surface roughness.
Fiber length measurement Figure 7 shows the micrographs of fibers from the experimental composite, everX and manually cut S2-glass fibers. The fibers showed variation in final fiber length. The lengths and distribution of the fibers are shown in Fig. 8 . The majority of fibers measured from manually cut S2-glass fibers had a length range of 1.7-2.2 mm. The mean length was 0.66±0.43 mm for the experimental composite, 0.54±0.34 mm for everX and 1.29±0.71 mm for manually cut fibers, their mean aspect ratios (length/diameter) were 72, 32 and 143, respectively. Critical length is a measure of the minimum perfectly aligned fiber dimension required for maximum stress transfer within the cured resin 18) . It was said that the critical fiber length should be as much as 50 times the diameter of the fiber 36) . The diameter of S2-glass fiber used in the present study was 9 μm and the critical length should be about 0.45 mm, while the diameter of glass fiber in everX was 17 μm and the critical length should be about 0.85 mm. The sum of fiber lengths within different length ranges against the sum of 500 fiber lengths was calculated as the mass proportion of fibers with different lengths. For the experimental composite, more than 80 wt% of fibers were longer than 0.45 mm. For everX, less than 50 wt% of fibers were longher than 0.85 mm.
DISCUSSION
In this study, the reinforcement of 2.0 mm discontinuous S2-glass fibers on resin composites was evaluated. Z250 and everX were used as controls because they showed strong mechanical properties in previous studies 19, 20, 37) . Ilie and Hickel 37) evaluated the mechanical properties of 72 commercial resin composites, Z250 showed the highest FS, which was 160.8 MPa, in their study. As shown in Fig. 1 , the FS of Z250 in this study was 164.5 MPa, which is in accordance with the study of Ilie and co-workers. The experimental composite exhibited significantly higher FS compared with Z250, indicating that the flexural performance of the experimental composite may be better than many commercial resin composites. Interestingly, while experimental composite had significantly higher FS than the controls, its FM was significantly lower. With the highest filler load, Z250 showed the highest FM, while the experimental composite had the lowest filler load and showed the lowest FM. This result indicates that the content of fillers may be the main influencing factor on the FM. It was also shown in other studies that the FM increased continuously with the filler mass 7 Dent Mater J 2017;
: -fraction 37, 38) . However, further research is needed to clarify the detailed relationship between the FM and filler load.
FT describes the resistance of brittle materials to the catastrophic propagation of flaws under an applied load. It is proportional to the energy consumed in plastic deformation and gives a relative value of a material's ability to resist crack propagation 39) . It was shown in previous studies that everX had a superior FT value which was around 2.5 MPam 1/2 , 22, 25) . This is in accordance with the present study showing that the FT of everX was 2. 25) . In this study, the FT value of the experimental composite was 5.94 MPam 1/2 , which was more than twice that of everX and more than fourfold that of Z250. Because of the high FT value of the experimental composite, the fracture rate would be less when they are used in a high stress bearing area.
In the present study, WOF was calculated from the flexural test and the FT test, respectively. As shown in Fig. 3 , the pre-existing crack decreased the energy required to fracture the three materials. However, the decrease in experimental composite (28%) was less than that of everX (59%) and Z250 (69%), indicating that the experimental composite had better crack resistance. These results also showed that short glass fibers were effective in preventing crack propagation. Both the experimental composite and everX were reinforced with short glass fibers. The flexural and fracture tests results indicated that the experimental composite formulation containing discontinuous S2-glass fibers had better fracture resistance compared with the commercial glass FRC. In addition, the experimental composite had comparable properties with everX and Z250 regarding Vickers hardness, polymerization rate and VS. From the resulting physicochemical properties obtained during the testing of the resin composites, it could be concluded that the experimental composite had the best comprehensive properties. Based on this, discontinuous S2-glass fibers would be optimal for the manufacture of improved glass FRC for high stress bearing areas.
In order to make fibers act as an effective reinforcement for the polymer, stress transfer from the polymer matrix to the fibers is essential 18) . This is achieved by good interfacial adhesion and having fiber lengths equal to or greater than the so-called critical length. Critical length is a measure of the minimum perfectly aligned fiber dimension required for maximum stress transfer within the cured resin 18) . Considering the aspect ratio of discontinuous glass fibers, the critical fiber length has been suggested to be as much as 50 times the diameter of the fiber 36) . The mass proportion of fibers equal to or greater than the critical length was calculated in this study. The higher mass proportion of fibers reaching the critical length could be one reason for the higher mechanical properties of experimental composite compared with everX. In addition, the mean aspect ratio of fibers in the experimental composite was 72 and it was 32 in everX. The higher value in aspect ratio of fibers may also explain the higher mechanical properties of the experimental composite compared with everX.
Chopped S2-glass fibers with the length of 2 mm were not commercially available, it was designed that 2 mm S2-glass fibers were obtained through manually cutting. Although S2-glass fibers were supposed to be cut into 2 mm, the manually cut S2-glass fibers showed a wide range distribution (Fig. 8) . However, more than 70 wt% of the fibers were in the range of 1.51-2.50 mm, namely most of the cut fibers were close to the predetermined length. As shown in Fig. 8 , fibers in the experimental composite mixture were much shorter than the original fibers, which might be attributed to the mixing procedure. In our previous study 32) , fibers from the mixed resin composites also showed variation in final fiber length, indicating that the mixing procedure had an influence on the final fiber length. In this study, the 2 mm cut fibers before and after being mixed were measured, and it was proven that S2-glass fibers were cut to shorter fibers after the mixing procedure. The cutting of fibers was due to the presence of shear forces during mixing. The fiber length of everX was evaluated in several studies and results showed different ranges of short fiber length values, namely 1.3-2.0, 0.1-2.0 and 0.3-1.9 mm 20, 21, 25) . In this study, the range of fiber length in everX was 0.07-2.5 mm. It was said that the difference between fiber length ranges might be due to the processing operations, and that the processing generated fiber fractures and resulted in a wider range of fiber lengths 21) . More research is needed to investigate the difference between the initial and final fiber length distribution before and after the mixing procedure, when different speeds and mixing times are applied, to help understand how the mixing procedure influence the fiber length and effectively control the final fiber length after fabrication. Optimization work should also be carried out to improve properties, for example the handling property, of the experimental composite.
CONCLUSION
Resin composite containing discontinuous S2-glass fibers showed significantly better mechanical properties, which could be a way to manufacture improved glass FRC. The mixing procedure of the resin composite reduced the final aspect ratio and length of fibers.
